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Co(Mn, Ni) (btc), Co(tp) and Co(pzdc) metal organic frameworks (MOFs) were 
synthesized and tested as electrocatalysts for water oxidation. Among them, 
Co(btc) showed extraordinary activity. The catalytic onset overpotential of 
Co(btc) is 400 mV and the stability of Co(btc) lasts as long as 75 min at a 0.5 
mA/cm2 current density under anodic potential of 1.1 V. Its structure and 
morphology were studied by XRD and SEM.  
    In addition, Co(tp) MOF was modified using a facile method. It exhibited 
higher catalytic activity and efficiency for water oxidation after the modification. 
The onset overpotentials for this modified MOF was 390 mV and the current 
density increased from 0.6 mA/cm2 to 1.55 mA/cm2 during the 75 min 
measurement. The structures and morphologies of Co(tp) before and after 
modification were investigated. This study may provide guidance in the further 
development of easily prepared, low-cost and efficient catalysts based on MOFs.  
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Chapter 1 Introduction 
 
1.1 Solar Energy Storage 
Modern society relies on continuous energy supplies. To meet the global energy 
demands, harnessing solar power is quite attractive, as the energy striking the 
earth in 1 h can satisfy the current planet consumption for one year. Nowadays, 
photo-absorbing systems such as photovoltaic cells are able to convert solar 
energy at a maximum percentage of 46%, instantaneously.  
    However, solar energy is diurnal(Lewis and Nocera 2006). Unless it can be 
stored, it will not be used as a large scale energy supply. Unfortunately, most 
current methods for solar storage suffer from low energy densities. Therefore, it 
remains a great challenge to find an efficient means to store solar energy. 
    The energy densities by mass of the current storage methods are as follows: 
water pumped uphill (100 m) – 0.001 MJ kg-1, supercapacitors – 0.01 MJ kg-1, 
batteries – 0.1-0.5 MJ kg-1 and compressed air (300 atm) – 0.5 MJ kg-1. 
Remarkably, the energy density of liquid fuels is 100 times larger than the best 
abovementioned storage methods. Their energy density by mass is about 50 MJ 
kg-1. Among the liquid fuels, hydrogen (700 atm) has an even greater energy 
density: 140 MJ kg-1(Kanan, Surendranath et al. 2009).  
    Over the last century in our society, all large scale energy storage is in the form 
of fuels. However, these fuels are all carbon-based. It remains imperative to 
develop scalable, carbon-neutral and sustainable fuel-storage methods(Armaroli 
and Balzani 2007).  
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1.2 Water Splitting 
Splitting water into oxygen and hydrogen is a promising method, as hydrogen is a 
clean energy carrier. 
2H2O(l) + hv → O2(g) + 2H2(g) 
    It is obvious that light does not directly split water into oxygen and hydrogen. 
Hence, catalysts are needed to engender the transformation. 
    When we turn our eyes to nature, we can find that cyanobacteria “invented” 
oxygenic photosynthesis about 2.5 billion years ago, which resulted in an 
enormous evolutionary advantage(Lubitz, Reijerse et al. 2008). The catalyst 
capable of performing the light-induced water-splitting is known as photosystem 
II (PSII) (Fig.1.1). Between different organisms, such as cyanobacteria, green 
algae and plants, only minor differences have been found in their water-splitting 
complex so far. Although some facets remain unknown, several important 
features have been unrevealed. These key features are of great significance for the 
construction of artificial catalysts for water splitting. 
 
Fig.1.1 Photosystem II in thylakoid lumen 
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Photosystem II is an integral part of the thylakoid membrane. It contains an 
oxygen-evolving complex (OEC) which is composed of four manganese ions and 
a calcium ion linked to each other via oxo bridges(Kanan, Surendranath et al. 
2009). Light absorption produces an electronically excited electron in the center 
of PSII. The hole generated from electron transfer is passed to the OEC. On the 
OEC, water molecules are split into protons and oxygen. The electrons liberated 
are transferred to photosystem I (PSI) via a series of redox-active cofactors. They 
will be used to form reducing equivalents such as NADPH and fix carbon. In this 
way, the plants store solar energy by rearranging the bonds of water. 
 
1.3 Electrocatalytical Water Oxidation 
Water oxidation is a key half reaction in artificial photosynthesis. 
2H2O(l) → O2(g) + 4H+(aq) +4e- 
Eoox = 1.23V 
(versus normal hydrogen electrode, NHE) 
However, this process is largely hindered by a high overpotential, which is the 
potential difference between the thermodynamically determined potential and the 
potential at which the redox event is experimentally observed. The key to 
achieving efficient water splitting is to lower the overpotential required for water 
oxidation. Hence, Catalysts are needed for practical application of water splitting. 
    The catalysts that can lower the overpotential of water oxidation must be able 
to: (i) lower the free energy of the intermediates requiring the highest energy to 
form during oxidation half reaction; (ii) bind water to sites that favor two-electron 
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oxidation reactions; and (iii) allow for O-O collision and bond formation in 
peroxo intermediate. In addition, they should be stable, readily incorporated onto 
conductive electrodes and have high turnover frequencies. 
    Due to intense research efforts, significant progress has been made in the 
development of ruthenium, iridium, manganese and cobalt-based materials as 
water oxidation catalysts.  
 
1.3.1 Ruthenium Complex Catalysts 
In the early 1980s, Meyer and co-workers reported [(bpy)2(H2O)RuIII(μ-O) 
RuIII(H2O) [(bpy)2]4+ with a RuIII(μ-O) RuIII core called blue dimer, as a catalyst 
for water oxidation (Fig.1.2 a)(Gersten, Samuels et al. 1982, Hurst, Cape et al. 
2008, Liu, Concepcion et al. 2008). Its derivatives are also active catalysts 
(Comte, Nazeeruddin et al. 1989, Hurst, Cape et al. 2008). The turnover 
frequency was reported to be 4.2 × 10-3 s-1(Nagoshi, Yamashita et al. 1999). To 
extend the μ-oxo dimer-based catalysts, ruthenium(II) dimer derivative modified 
with phosphonate groups was synthesized. The phosphonate linkers attach the 
complex to the metal oxide surface more stably compared with carboxylate 
linkers.  
    Some non-μ-oxo ruthenium complexes have also been demonstrated as water 
oxidation catalysts. Sens and co-workers reported a dinuclear ruthenium complex, 
[(terpy)(H2O)RuII(bpp)RuII(H2O)(terpy)]3+ (bpp = 3,5-bis(2-pyridyl)pyrazolate), 
bridged by a bpp chelating ligand (Fig.1.2 b)(Sens, Romero et al. 2004). Another 
dinuclear ruthenium complex, [(tBu2qui)(OH)RuII(btpyan)RuII(OH)(tBu2qui)]2+ 
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(tBu2qui = 3.6-di-tert-butyl-1,2-benzoquinone, btpyan = 1,8-bis(2.2’:6’,2’’-
terpyridyl)anthracene) was also synthesized (Fig.1.2 c), with btpyan as a bridging 
ligand(Wada, Tsuge et al. 2000, Wada, Tsuge et al. 2001). The redox active 
ligands act as a pool of oxidizing equivalents, in addition to the ruthenium centers 
for water oxidation.  
    The diruthenium-substituted polyoxometalate (POM), 
[Ru2IIIZn2(H2O)2(ZnW9O34)2]14- is also an active electrocatalyst(Cheung, Wong et 
al. 2007). It can generate molecular oxygen at +0.750 V. The active centers were 
assigned to RuV species. 
 
Fig.1.2 Structures of some ruthenium complex catalysts 
 
1.3.2 Iridium Oxide Catalysts 
IrO2 has comparative activity to RuO2 as a water oxidation catalyst, and is more 
stable than the latter(Nagoshi, Yamashita et al. 1999). Recently, IrO2 colloid was 
reported to self-assemble onto an ITO electrode, forming a monolayer of IrO2 
particles, when the ITO is immersed in the IrO2 colloid solution (Yagi, Tomita et 
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al. 2005, Kuwabara, Tomita et al. 2008). In electrocatalytic water oxidation, a 
steady anodic current density of 0.88 mA cm-2 was achieved at 1.3 V vs. Ag/AgCl 
for 1 h. The amount of oxygen evolved was 7.6 μmol cm-2 h-1, and increased with 
the coverage of IrO2 on the ITO electrode. The turnover frequency of IrO2 colloid 
was 23,600 h-1. 
    IrOx nanoparticles dissolved in an alkaline solution were also tested as 
electrocatalyst for water oxidation(Nakagawa, Bjorge et al. 2009). A catalytic 
current with 100% Faraday efficiency was observed at 0.55 V vs Ag/AgCl (an 
overpotential of 0.29 V). The turnover frequency was 8-11 s-1. Controlled 
potential coulometry indicated that all Ir sites are electroactive, meaning that the 
nanoparticles are small enough that proton and electron transport is allowed 
throughout. At 1.3 V vs. Ag/AgCl, IrOx nanoparticles would self-assemble on a 
glassy carbon electrode, and form a stable, mesoporous film (Fig.1.3)(Nakagawa, 
Beasley et al. 2009). The film achieved 100% current efficiency at an 
overpotential of 0.25 V. The turnover frequency was reported to be 4.5-6.0 s-1, 
slightly lower than those for homogeneous catalysis. 
 




Noble-metal-based electrocatalysts have shown good catalytic properties. 
Nonetheless, these materials are too expensive to meet the global demand. 
Therefore, cheaper catalysts that come from earth-abundant sources are of great 
interest in the water-splitting reaction. 
 
1.3.3 Manganese Oxide Catalysts 
Many manganese oxides (MnOx) are able to serve as electrocatalysts for water 
oxidation over a wide pH range, most commonly in alkaline medium(Wiechen, 
Berends et al. 2012). Morita and co-workers reported a mixture of Mn2O3 and β-
MnO2 by thermal decomposition of manganese nitrate as an efficient catalyst in 
both acidic and basic medium(Morita, Iwakura et al. 1977). The mixture was 
found to be more active than β-MnO2 alone. In acidic medium, the MnOx 
oxidized water with an increase of overpotential (by 150 mV) for a prolonged 
period (20 h), while in basic medium, the overpotential did not increase over the 
same period of time. The decreased activity of MnOx under neutral or acidic 
conditions compared with that in alkaline medium is attributed to the instability of 
Mn3+ at pH < 9, which is essential in the water oxidation reaction, proposed by 
Takashima et al(Takashima, Hashimoto et al. 2012).   
    Singh’s group deposited MnOx films from protic ionic liquids with various 
phases and morphologies and tested their efficiencies in water oxidation(Singh 
and Spiccia 2013). It was revealed that films predominantly consisting of Mn2O3 
and birnessite-like phases have the highest catalytic activity. MacFarlane and co-
workers also deposited a MnOx film from ethylammonium nitrate ionic liquid. In 
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a butylammonium bisulphate electrolyte, the film achieved a current density of 1 
mA/cm2 at a very low overpotential (150 mV)(Izgorodin, Izgorodina et al. 2012). 
    Recently, Chen and co-workers synthesized manganese oxides of different 
structures by facile methods, including α-, β-, δ-MnO2 and amorphous manganese 
oxides (AMO)(Meng, Song et al. 2014). Their electrocatalytic activities for water 
oxidation were systematically investigated and found to follow an order of α-
MnO2 > AMO > β-MnO2 > δ-MnO2. The most active catalyst, α-MnO2 achieved a 
current density of 10 mA/cm2 at an overpotential of 490 mV, and exhibited 
stability for 3 h at 5 mA/cm2. The superior catalytic activity was attributed to the 
abundant di-μ-oxo bridges in α-MnO2 as protonation sites (analogous to the OEC 
in PSII), the mixed valencies, and the low charge transfer resistance. 
 
Fig.1.4. structures of manganese oxides: (a) α-MnO2 (2 × 2 tunnel) (b) β-MnO2 (1 × 1 
tunnel) (c) δ-MnO2 (layered) (d) amorphous manganese oxide 
 
1.3.4 Cobalt-based Catalyst 
In 2008, it was discovered by Kanan and Nocera that, Co(II) in a phosphate buffer 
would assemble into a water oxidation catalyst (CoPi) under a polarizing 
potential(Kanan and Nocera 2008). This assembly occurs at the surface of 
8 
 
conducting materials, such as ITO, FTO and glassy carbon, and the obtained 
material is resistant to dehydration, air exposure and mechanical treatment. CoPi 
is catalytically active at neutral pH in the absence of Co(II) ions in solution. A 
current density of 1 mA/cm2 was achieved at an overpotential of 400 mV. The 
turnover frequency was estimated to be 0.001s-1  
    The structure of the CoPi electrocatalyst was investigated by Dau et al.(Risch, 
Khare et al. 2009) and Nocera et al.(Kanan, Yano et al. 2010) with X-ray 
absorption near-edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) spectroscopy. Dau et al. proposed a vertex-sharing Co-oxo 
cubane (Fig.1.5.a), which was different from the edge-sharing CoO6 octahedral 
structure proposed by Nocera et al. (Fig.1.5.b). The XANES spectra showed that 
the valence of Co was greater than 3, which was supported by the electrochemical 
data during the water oxidation reaction. 
 
Fig. 1.5. Structural models of the self-assembled cobalt catalyst. (a) vertex-sharing model 
proposed by Dau and coworkers. (b) Edge-sharing octahedral model proposed by Nocera 
and coworkers Cobalt atoms are shown in black and bridging oxygen atoms in gray. 
 
 
The catalytic film resulting from oxidation of Co(II) to Co(III) precipitates on the 
surface of the electrode, and is further oxidized to Co(IV) species. Oxygen is 
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produced from the latter, regenerating Co(II). In comparison, solid cobaltate 
materials with similar cobalt valencies are stable to water under similar 
conditions, indicating the molecular nature of the CoPi film(Artero, Chavarot-
Kerlidou et al. 2011).  
    It is likely that O-O bond formation requires deprotonation of the 
corresponding water or hydroxide molecules. Phosphate ions are suggested to 
serve as proton acceptors in this process(Surendranath, Kanan et al. 2010). 
Another function of phosphate ions is to help Co(II) ions reenter the 
film(Lutterman, Surendranath et al. 2009). During the oxygen-evolving process, 
Co(II), as a labile high-spin ion, returns to the solution and causes the oxide film 
to dissolve; however, under oxidizing environment and in the presence of 
phosphate ions, the low-spin Co(III) immediately precipitates back onto the 
surface of the electrode. This repair process has been proved by isotope analysis 
with 57Co and 32P. 
    Similar electrocatalytic films can be deposited from pH 8.5 methylphosphonate 
and pH 9.2 borate solutions(Esswein, Surendranath et al. 2011). These films 
achieve a current density of 100 mA/cm2 for the oxidation of water at an 
overpotential of 442 and 363 mV, respectively. 
    Hill and co-workers reported a polyoxometalate compound, 
Na10[Co4(H2O)]2(α-PW9O34)2], as a water oxidation catalyst (Fig.1.6)(Yin, Tan et 
al. 2010). It can be easily prepared by mixing Na2WO4∙2H2O, Na2HPO4∙7H2O 
and Co(NO3)2∙6H2O in water. The reaction center consists of four cobalt atoms 
surrounded by polyoxotungstate anions. A large current density was achieved 
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with a low overpotential for water oxidation catalyzed by Na10[Co4(H2O)]2(α-
PW9O34)2]. It was pointed out by the authors that the catalytic activity was not 
from Co ions or Co hydroxide/oxide species released from oxidative degradation 
of the polyoxometalate.  
 
Fig.1.6. Structure of [Co4(H2O)]2(α-PW9O34)2]10-. Dark gray octahedral: WO6, light gray 
tetrahedral: PO4, gray spheres: cobalt atoms, dark gray spheres: oxygen atoms. 
 
     
In 2011, Nocera and co-workers synthesized hangman cobalt corroles and tested 
their activities as water oxidation catalysts(Dogutan, McGuire et al. 2011). 
Among them, β-octafluoro CoIII xanthene hangman corrole, with 5,15-bis-
(pentafluorophenyl) substituents is the most effective. The onset of the catalytic 
current occurred at an overpotential of 600 mV at pH = 7. Remarkably, the 
turnover frequency at the single cobalt center approached 1 s-1. A proton-coupled 
electron transfer (PCET) catalytic mechanism was suggested. The ability of the 
hanging group to organize water within the hangman cleft was supposed to help 
the O-O bond to form in the oxygen evolving. 
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Chapter 2 Materials and Methods 
 
2.1 Characterization 
Single-crystal X-ray diffraction (XRD) data were collected using a Bruker D8 
Venture Single Crystal X-ray diffractometer with monochromatic molybdenum 
radiation (λ = 0.071073 nm) at 100 K. Theta range for data collection was 2.52 – 
27.49 o. A total number of 2798 independent reflections were collected. The 
lattice parameters of the sample were obtained from least-squares analysis of all 
reflections. 
    Powder X-ray diffraction was performed using a Bruker D8 Advance Powder 
X-ray diffractometer. Each solid sample was ground to powder, loaded onto a 
glass holder, and mounted on the sample chamber. Diffraction data was collected 
with a 2θ range of 1.4 - 80 o. 
    Fourier transform infrared spectroscopy (FTIR) was performed using a Bio-
Rad Excalibur FTIR spectrometer and Varia Resolution 4.0 software. The sample 
was ground with spectroscopic grade anhydrous potassium bromide (KBr) and 
then pressed into a thin disc. The transmittance of the sample was measured 
between 4000 and 400 cm-1 at a resolution of 4.  
    Morphologies were studied using field emission scanning electron microscopy 
(FE-SEM) (JEOL JSM-6701F) at an accelerating voltage of 5.0 kV. The samples 
for SEM analysis were prepared as follows: 8 mg of each sample was ground and 
dispersed in water-ethanol mixtures. The solutions were ultrasonicated for 30 min 
to generate a homogeneous ink. 8μ ink thus prepared was dropped onto a silicon 
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slide and dried completely. Then the slide was coated with a layer of platinum and 
loaded into the sample chamber. 
 
2.2 Electrochemical Measurements 
2.2.1 Preparation of Electrodes 
Glass carbon electrodes (GCEs) were used as working electrodes. Prior to use, 
GCEs were polished with 0.3 mm and 0.05 mm alumina powder suspension 
(Buehler). Then they were sonicated in 0.5 M H2SO4, 95% ethanol and deionised 
water to dislodge alumina powder. The cleanness of the GCEs was checked by 
conducting cyclic voltammetry (CV) in K3Fe(CN)6 / K4Fe(CN)6 solution, with a 
Ag/AgCl reference electrode and a Pt  wire counter electrode. The CV was 
performed using a CHI 660 electrochemical workstation and the potential was 
varied between -0.1 and 0.6 V at a scan rate of 0.1 V/s. When the difference 
between anodic peak potential and cathodic peak potential was close to the 
theoretical difference of 0.069 V, the GCEs were ready to use. 
    The clean GCEs were then loaded with samples as follows: 8 mg sample was 
ground and dispersed in 1 mL mixed solvent of deionised water and 95% ethanol 
in a volume ratio of 4:1. Then 80 μL Nafion solution (5wt%, Sigma-Aldrich) was 
added. The solution was ultrasonicated for 30 min to generate a homogenous ink. 
After that, 8 μL ink was dropped onto the electrode surface and left to dry 
completely for at least half an hour. The catalyst loadings were 0.84 mg/cm2. Bare 




2.2.2 Electrochemical Tests 
All the electrochemical experiments in this study were performed on the CHI 660 
electrochemical workstation using three-electrode system mentioned above. The 
electrolyte used in all experiments was a pH 6.8 phosphate buffer comprising of 
0.1 M phosphate. 
    Linear sweeping voltammetry (LSV) was measured from 0 to 1.4 V vs 
Ag/AgCl at a scan rate of 5 mV/s. A chronoamperometric test was also 
performed. A potential of 1.1 V was used for the anodic reaction. The current 
density was measured for a total duration of 75 min. 
 
2.3 Calculation 
The standard electrode potential for water oxidation in pH 6.8 solution: 
Eo = 1.23 V – 0.059 pH = 0.83 V 
(vs. standard hydrogen electrode) 
Eanode = 0.63 V vs. Ag/AgCl 
The catalytic onset overpotentials for all catalytic systems were determined as 
follows: linear catalysis region of the LSV curve was extrapolated. The fit line 
intersected the exchange current and the intercept was considered to be the 
catalytic onset potential. The overpotential was the difference between the 













Metal organic frameworks (MOFs) are first defined by Yaghi and co-workers in 
1995(Yaghi and Li 1995). They are crystalline and porous compounds formed by 
an extended network of metal ions or clusters coordinated to organic ligands. 
Often, the term coordination polymer is a synonym for MOF, except for those 
metal-free structure(Robson 2008, Morozan and Jaouen 2012).  
    MOFs represent a large number of materials, including metal-organic 
polyhedras composed of transition metal ions coordinated by nitrogen or 
carboxylate organic ligands(Sudik, Millward et al. 2005), and zeolitic imidazolate 
frameworks (ZIFs) possessing the topology of zeolites, but consisting of ZnII or 
CoII coordinated by imidazolate groups(Park, Ni et al. 2006). 
    MOFs can be synthesized from relatively cheap precursors(Stock and Biswas 
2012). Inorganic salts are typically used to provide metal ions, and the linkers are 
organic ligands such as carboxylates, azole and nitriles(Qiu and Zhu 2009). In 
many cases, structure-directing agents are also used, to help the assembly of 
building units to form MOFs, without coming into the final compounds(Ferey 
2008).  
    MOFs have three important characteristics: crystallinity, porosity, and 
existence of strong metal-ligand interactions. Their microporous structures 
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provide surface areas of up to 6200 m2 g-1(Furukawa, Ko et al. 2010), and a 
variety of topologies(Xuan, Zhu et al. 2012).  
    Another important feature of MOFs is that their shape, pore size and chemical 
environment can be easily tuned by adjusting their building blocks and synthetic 
conditions. In contrast to other microporous materials with specific surface area, 
many MOFs exhibit flexible structures that respond to temperature, pressure or 
guest molecules. Therefore, we are able to rationally design their structures for 
different applications. These features have made MOFs promising materials in 
gas separation(Li, Sculley et al. 2012) and storage(Suh, Park et al. 2012), drug 
delivery(Horcajada, Gref et al. 2012), imaging and sensing(Kreno, Leong et al. 
2012), optoelectronics(Wang, Zhang et al. 2012), energy storage and 
heterogeneous catalysis(Lee, Farha et al. 2009, Yoon, Srirambalaji et al. 2012). 
Herein, we synthesized several MOFs comprising of different metal ions (Co, 
Mn, Ni) and organic ligands, and investigated their electrocatalytic activities for 
water oxidation. 
 
3.2 Experimental Section 
3.2.1 Synthesis of Co (Mn, Ni) Trimesate MOFs 
The Cobalt trimesate MOF (Co(btc)) was synthesised via solvothermal methods 
modified from literature. Cobalt (II) acetate tetrahydrate and 1,3,5-
benzenetricarboxylic acid were dissolved in deionised water and ultrasonicated to 
obtain a homogenous solution. Then the solution was sealed in a capped Teflon 
autoclave, heated to 180°C and maintained at the final temperature for 18 h. After 
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that, it was slowly cooled down to room temperature. The purple product was 
collected and washed several times with deionised water and 95% ethanol and 
dried under vacuum. Manganese trimesate and nickel trimesate MOFs were 
synthesized similarly by replacing cobalt(II) acetate tetrahydrate with 
manganese(II) acetate tetrahydrate and nickel(II) acetate tetrahydrate, 
respectively.  
  
3.2.2 Synthesis of Cobalt Terephthalate (1H-pyrazole-3,5-dicarboxylate) 
MOFs 
The cobalt terephthalate (Co(tp)) MOF was synthesised via solvothermal methods 
modified from literature11. Cobalt (II) nitrate hexahydrate and terephthalic acid 
were dissolved in dimethylformamide (DMF) and sonicated to obtain a 
homogenous solution. Then the solution was sealed in a capped Teflon autoclave, 
heated to 180°C and maintained at the final temperature for 18 h. After that, it 
was slowly cooled down to room temperature. The reddish brown product was 
collected and washed several times with DMF, deionised water and 95% ethanol 
and dried under vacuum. Cobalt 1H-pyrazole-3,5-dicarboxylate (Co(pzdc)) were 
synthesized in a similar way by replacing terephthalic acid with 1H-pyrazole-3,5-
dicarboxylic acid. 
 
3.2.3 Modification of Cobalt Terephthalate MOF 
Cobalt terephthalate MOF and cobalt chloride hexahydrate were dissolved in 
deionised water. The solution was refluxed at 100 °C for 5 h. Then the precipitate 
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was collected, washed with deionised water and 95% ethanol and dried under 
vacuum. The product is represented by Co(tp)-m. 
 
3.3 Results and Discussions 
3.3.1 Catalytic Activity of the MOFs with Different Metal Ions and Organic 
Ligands 
Electrochemical water oxidation activities of Co(btc), Mn(btc) and Ni(btc) were 
evaluated by linear sweeping voltammetry (LSV) in 0.1 M phosphate buffer 
(Fig.3.1). Co(btc) shows extraordinary activity. The catalytic onset overpotential 
of Co(btc) is 400 mV. In contrast, the LSV curves of Mn(btc) and Ni(btc) show a 
much lower increase of current densities with increasing potentials. The catalytic 
water oxidation does not occur until the overpotential exceeds 700 mV, indicating 
their sluggish catalytic kinetics.  
 
 




Fig.3.2 is the comparison of the catalytic activities of several cobalt-based MOFs, 
with different organic ligands, using LSV. As can be seen, Co(btc) exhibits the 
highest activity, compared with Co(tp) and Co(pzdc). The catalytic onset 
overpotentials for Co(btc), Co(tp) and Co(pzdc) is 400 mV, 530 mV and 590 mV, 
respectively.   
 
 
Fig.3.2. LSV curves for Co(btc), Co(tp) and Co(pzdc) 
 
In conclusion, Co(btc) is the most active electrocatalyst for water oxidation, 
compared with similar MOFs comprising of different metal ions or organic 
ligands. This may be due to its active catalytic sites of cobalt, and structure with 
pores of proper sizes for water molecule accessing and oxygen releasing.  
To discover the stability of Co(btc) as water oxidation catalyst, controlled 
potential electrolysis (CPE) was performed using the chronoamperometry 
technique. The result is shown in Fig.3.3. During the test, the electrode with 
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catalyst coating was maintained at a constant potential of 1.1 V for a prolonged 
period of time. The current was measured versus time, and a current density 
window was set from 0 – 1.6 mA/cm2. Fig.3.3 shows that the stability of Co(btc) 
lasts as long as 75 min at a current density of 0.5 mA/cm2.  
 
Fig.3.3. Stability test under a constant potential of 1.1 V 
 
 
3.3.2 The Structure and Morphology of Co(btc) 
The structure of Co(btc) is shown in Fig.3.4. X-ray single-crystal analysis reveals 
that Co(btc) crystallizes in monoclinic space group I2, and features a three-
dimensional porous structure. The coordination sphere of Co(II) is octahedral 
coordinated with two oxygen atoms from carboxyl groups of trimesate ligands, 








Fig.3.4. Three dimensional frameworks of Co(btc). Cobalt atoms are shown in blue, 
oxygen in red and carbon in gray. 
 
The morphology of Co(btc) was studied by SEM. Fig.3.5. shows the 
microcrystalline powder of Co(btc) with typical crystal sizes of 0.2 μm. 
 
 





3.3.3 Water Oxidation Activity of Co(tp) after Post-synthesis Modification 
Linear sweeping voltammograms (LSV) comparing the electrocatalytic behaviour 
of Co(tp) and Co(tp)-m are shown in Fig.3.6. The onset overpotentials determined 
for Co(tp) and Co(tp)-m were 390 mV and 530 mV, respectively. This implies 
that after modification, Co(tp) became more active than the unmodified ones in 
electrocatalytic water oxidation.  
 
Fig.3.6. Comparison of LSVs of Co(tp) and Co(tp)-m 
 
Prolonged catalytic activities at high-overpotential regions were also examined by 
CPE. As seen from Fig.3.7, during the 4500 s measurement process, the current 
density obtained by Co(tp) was around 0.4 mA/cm2. In contrast, the current 
density produced by Co(tp)-m increased from 0.6 mA/cm2 to 1.55 mA/cm2, and 
stabilised at the final value. Throughout the course of this electrolysis, robust gas 
evolution was observed continuously and Co(tp)-m showed no obvious 
decomposition. It is indicated that this catalyst is more tolerable to prolonged 
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exposure in an oxidative environment, and can deliver more sustainable catalysis 
for water oxidation.   
 
Fig.3.7. Stability test under a constant potential of 1.1 V. 
 
Tafel plot (Fig.3.8) is the rate of increase in overpotential as the logarithm of 
current density increases. It can be used to characterise irreversible electrode 
reactions which occur in the absence of mass transport limitations. A linear 
dependency of E vs log(j) was achieved by Co(tp) and Co(tp)-m. The Tafel slopes 
observed were about 220 mV/decade for both catalysts, suggesting that they share 
similar mechanisms in the water oxidation process. Such high values may be due 
to a barrier layer effect, i.e., poor electric conductivity resulting from thick 
catalyst ink film (several micrometers).  
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 Fig.3.8. Tafel plot of Co(tp) and Co(tp)-m 
 
In conclusion, Co(tp) exhibited higher catalytic activity and efficiency for water 
oxidation after the modification. This phenomena may be attributed to increased 
active sites of cobalt in the structure of Co(tp) as it integrated cobalt salts during 
the modification. 
 
3.3.4 Comparison of the Structures of Co(tp) and Co(tp)-m 
The PXRD pattern of Co(tp)-m is shown in Fig.3.9, and compared with that of 
Co(tp). As can be seen, the PXRD pattern of Co(tp)-m is consistent with that of 




 Fig.3.9. The PXRD patterns of Co(tp)-m and Co(tp) 
 
Fig.3.10 is the FTIR spectra of Co(tp) and Co(tp)-m. For Co(tp), the sharp band at 
3599 cm-1 is attributed to the vibrations of OH groups. The absence of 
characteristic band due to protonated carboxyl group at around 1700 cm-1 reveals 
that the terephthalate ligands are completely deprotonated. The bands at 1585 and 
1357 cm-1 can be attributed to the asymmetric and symmetric stretching vibrations 
of the carboxyl groups. 
    As for the spectrum of Co(tp)-m, it possesses most of the bands appearing in 
the spectrum of Co(tp), indicating again that the basic structure of Co(tp) is 
unchanged during the modification. However, there are two bands near 3600 cm-1, 
suggesting two kinds of OH groups in Co(tp)-m. 
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 Fig.3.10. The IR spectra of Co(tp) and Co(tp)-m 
 
The morphologies of Co(tp) and Co(tp)-m were studied by SEM (Fig.3.11). There 









3.4 Verification of Oxygen Evolution 
To confirm that the gas bubbles generated during the electrochemical experiments 
were indeed molecular oxygen, CPE was conducted inside an enclosed vessel in 
which O2 had been removed before the experiment. Another vessel under identical 
condition but not involved in CPE was also prepared. After 30min, the CPE was 
terminated and 150 μL 0.1 M 3,3’,5,5’-tetramethylbenzidine (TMB) was added to 
both solutions using syringes. Thereafter, 50 μL 0.1 U/mL horseradish peroxidase 
(HRP) was added to each vessel. In the presence of oxygen, TMB is oxidized by 
HRP and appears in blue. Without oxygen, this reaction does not occur and the 
solution remains colourless.  
    The result is shown in Fig.3.11. The coloration only occurred in the vessel that 
had undergone CPE. As the solutions and vessels had been purged of dissolved 
and ambient oxygen before the CPE, it can be concluded that oxygen had indeed 
been produced during the electrochemical water oxidation. 
 





3.5 Conclusions and Future Work 
In summary, Co(Mn, Ni) (btc), Co(tp) and Co(pzdc) MOFs have been 
successfully synthesized and tested as electrocatalysts for water oxidation. Among 
them, Co(btc) shows extraordinary activity. The catalytic onset overpotential of 
Co(btc) is 400 mV. The stability of Co(btc) lasts as long as 75 min at a 0.5 
mA/cm2 current density under anodic potential of 1.1 V.  
    Besides, Co(tp) has been modified using a facile method. It exhibited higher 
catalytic activity and efficiency for water oxidation after the modification. This 
phenomena may be attributed to increased active sites of cobalt in the structure of 
Co(tp) as it integrated cobalt salts during the modification. 
    Future efforts may be focused on probing the catalytic mechanisms of these 
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